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Auditory sensitivity in fish serves various important functions, but also makes fish
susceptible to noise pollution. Human-generated sounds may affect behavioral patterns
of fish, both in natural conditions and in captivity. Fish are often kept for consumption in
aquaculture, on display in zoos and hobby aquaria, and for medical sciences in research
facilities, but little is known about the impact of ambient sounds in fish tanks. In this
study, we conducted two indoor exposure experiments with zebrafish (Danio rerio). The
first experiment demonstrated that exposure to moderate sound levels (112 dB re 1
µPa) can affect the swimming behavior of fish by changing group cohesion, swimming
speed and swimming height. Effects were brief for both continuous and intermittent noise
treatments. In the second experiment, fish could influence exposure to higher sound levels
by swimming freely between an artificially noisy fish tank (120–140 dB re 1 µPa) and
another with ambient noise levels (89 dB re 1 µPa). Despite initial startle responses, and
a brief period in which many individuals in the noisy tank dived down to the bottom, there
was no spatial avoidance or noise-dependent tank preference at all. The frequent exchange
rate of about 60 fish passages per hour between tanks was not affected by continuous or
intermittent exposures. In conclusion, small groups of captive zebrafish were able to detect
sounds already at relatively low sound levels and adjust their behavior to it. Relatively high
sound levels were at least at the on-set disturbing, but did not lead to spatial avoidance.
Further research is needed to show whether zebrafish are not able to avoid noisy areas or
just not bothered. Quantitatively, these data are not directly applicable to other fish species
or other fish tanks, but they do indicate that sound exposure may affect fish behavior in
any captive condition.
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INTRODUCTION
The world is becoming increasingly noisy due to all sorts of
motorized road, rail and air traffic and a huge variety of industrial
and recreational activities. Such noise pollution originating from
anthropogenic sources is considered a critical public health
problem by the World Health Organization (WHO, 2011) and
has potential for detrimental effects of both auditory and non-
auditory nature (Miedema, 2007; Szalma and Hancock, 2011;
Basner et al., 2014). Extreme over-exposure may cause temporary
or permanent threshold shifts for hearing, while more moderate
sound levels may cause disturbance, masking, or distraction, all
having an impact on decision-making processes in the brain
(e.g., Banbury et al., 2001; Starcke and Brand, 2012; van Gaal
et al., 2012). Also animals can be affected in these ways by
elevated environmental noise levels of anthropogenic origin in
air (Slabbekoorn and Ripmeester, 2008; Kight and Swaddle, 2011;
Francis and Barber, 2013) and in water (Richardson et al., 1998;
Southall et al., 2007; Slabbekoorn et al., 2010; Radford et al.,
2014).
Fish are known to depend on sounds for a variety of
functions that are critical for survival and reproduction (Fay
and Popper, 2000; Ladich, 2008; Fay, 2009) and may therefore
be negatively affected by noise pollution (Popper et al., 2003;
Popper and Hastings, 2009; Slabbekoorn et al., 2010; Radford
et al., 2014). Although the available data are often anecdotal,
badly replicated or concerning artificial conditions, it has been
shown that experimental noise exposure can lead to increased
heart rate or elevated cortisol levels (e.g., Santulli et al., 1999;
Wysocki et al., 2006; Graham and Cooke, 2008). Also behavioral
changes are reported such as interruption of courtship and
spawning activity (Boussard, 1981; Slabbekoorn et al., 2012)
and alteration of territorial behavior (Sebastianutto et al., 2011).
Several fish species appear to have a tendency to dive into
deeper water in response to vessel noise (Gerlotto and Fréon,
1992; Draštík and Kubecˇka, 2005; Sarà et al., 2007). Spatial
avoidance reactions in the horizontal plane are reported in
the context of air guns and seismic surveys (Engås et al.,
1996; Hirst and Rodhouse, 2000; Peña et al., 2013). However,
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other studies only report brief startle responses (see e.g.,
Wardle et al., 2001; Løkkeborg et al., 2012) and again the data
available are very limited and do not allow any inference yet
about presence or absence of negative effects (Slabbekoorn,
2012).
Noise impact data are challenging to collect on free-ranging
fish in the field, but fish are also exposed to sound in captivity, e.g.,
when kept for consumption in aquaculture, on display in zoos
and hobby aquaria, and for medical sciences in research facilities
(Bart et al., 2001; Davidson et al., 2007; Wysocki et al., 2007;
Craven et al., 2009). Ambient sounds in these places can include
continuous hums and repetitive clicks or sound bursts, but also
unpredictable switches in noise conditions (from maintenance
systems or cleaning and construction machinery) or sudden and
loud peaks (from slamming doors, dropping heavy objects or
knocking on tank walls). Sounds typically travel well through
concrete walls and floors, metal and wooden tables, into glass or
plastic fish tanks. Such sounds differ from each other in terms of
their frequency ranges, amplitudes and temporal patterns, which
are parameters that are likely to affect their masking, deterrent
and interruptive impact (Vasconcelos et al., 2007; Codarin et al.,
2009; Neo et al., 2014).
In addition to the above mentioned exposure parameters,
it is important to realize that indoor fish enclosures typically
have very complex sound fields for a variety of reasons.
These reasons include: primary and secondary sound source
variety, near field conditions, wavelengths of relevant frequencies
typically exceeding tank measures, reflections and refractions,
and sound pressure release at water-air interfaces (Parvulescu,
1967; Akamatsu et al., 2002). Furthermore, captive fish can be
more or less domesticated and behavioral response opportunities
are obviously restricted by tank dimensions and affected by
hiding options and the composition and density of the tank
community (e.g., Calisi and Bentley, 2009; Benhaim et al., 2013;
Slabbekoorn, in press). Therefore, response patterns under these
captive conditions do not necessarily reflect response patterns of
wild-ranging fish to sounds in natural conditions and remain
largely unexplored (but see Kastelein et al., 2008; Purser and
Radford, 2011; Neo et al., 2014; Voellmy et al., 2014).
The zebrafish (Danio rerio) is a common freshwater aquarium
species with growing popularity in a variety of scientific
disciplines, including research into vertebrate hearing (Higgs
et al., 2002, 2003; Whitfield, 2002; Zeddies and Fay, 2005) as well
as pharmacological investigations into stress and anxiety (Egan
et al., 2009; Champagne et al., 2010; Gerlai, 2010; Steenbergen
et al., 2011). Zebrafish are not known to produce sounds for
communication, but have excellent hearing abilities owing to
the presence of the Weberian ossicles between the swim bladder
and the inner ears. They are able to hear sounds best between
300 and 2000 Hz and have a sensitivity peak around 800 Hz
(Higgs et al., 2002). Zebrafish are very suitable for noise impact
studies on freshwater fish because of the ease of maintenance, and
their shoaling and continuous swimming behavior, which allows
detailed analyses of their response behavior to external stiumuli
through quantification of their swimming and spatial behavior
(Egan et al., 2009; Cachat et al., 2010; Gerlai, 2010; Gaikwad et al.,
2011). We recently also confirmed stressor-related behavioral and
physiological covariation for both adult and larval zebrafish of
different coping styles (Tudorache et al., 2013, 2015).
In this study, we explored the nature of the behavioral
response of small groups of captive zebrafish to exposure with
moderate sound levels, i.e., well below the expected threshold
for physical harm, but likely to be within the audible range
(Hawkins and Popper, 2012). We conducted two complementary
experiments exploring variation in effect from continuous and
intermittent noise treatments. In experiment I, we investigated
the potential for sound to affect group cohesion, swimming speed
and swimming height, using noise treatments of 112 dB re 1 µPa
in a single tank without escape possibility (Acoustic exposure
test). We aimed at finding an answer to the following question:
Does moderate sound exposure induce behavioral changes in
captive zebrafish? In experiment II, we investigated the potential
for sound to affect spatial distribution in terms of the tendency to
enter and leave a noisy area when a quiet alternative is available,
using noise treatments of up to 140 dB re 1 µPa in a double-
tank system with escape possibility (Auditory preference test).
The question that we aimed to answer here was: Do captive
zebrafish spatially avoid moderately loud sound conditions that
are disturbing at least at their on-set.
METHODS
EXPERIMENT I (ACOUSTIC EXPOSURE TEST)
Animal maintenance
Around 200 zebrafish individuals of mixed sex were housed
together in a long tank (200 × 40 × 50 cm) containing plastic
aquatic plants and connected to a water recirculation system.
The fish were purchased from a commercial stock as juveniles
and were approximately 5–6 months old at the time of the
experiments. Fish were fed commercial feed every other day
and kept in a 12:12 dark:light cycle. Water temperature was
maintained at 25 ± 1◦C. All experiments were performed in
accordance with the Netherlands Experiments on Animals Act
(DEC approval no: 10069) that serves as the implementation
of the Directive 86/609/EEC by the Council of the European
Communities regarding the protection of animals used for
experimental and other scientific purposes (1986). After the study,
the animals were kept for breeding and re-use in subsequent
experiments.
Treatment preparation
Four noise treatments were used in the experiments: continuous,
intermittent regular 1-1, intermittent regular 1-9 and intermittent
irregular (Figure 1). Sound samples were created in Audacity
1.2.6 software, using full-spectrum white noise, band-pass filtered
between 500 and 1500 Hz. The details of the sound spectrum
at the fish will depend on the output characteristics of the
speakers and the transmission into the tank, but this broad-band
and band-passed sound stimulus guaranteed that the elevation
above ambient in measured sound pressure level (SPL) reflects an
elevation in the relevant hearing range of the zebrafish (300–2000
Hz, Higgs et al., 2002). Intermittent noise treatments consisted of
playback of 1 s pulses of the same spectrum, but were different
from each other in terms of the length of the silent intervals.
Regular 1-1 noise consisted of 1 s pulses interspersed with 1 s
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FIGURE 1 | Amplitude waves of the four noise treatments used in the
exposure experiments I and II: (A) continuous; (B) intermittent regular:
1 s + 1 s; (C) intermittent regular: 1 s + 9 s; and (D) intermittent
irregular: 1 s + 1–17 s.
silent intervals (1 s + 1 s); Regular 1-9 noise consisted of 1 s pulses
interspersed with 9 s silent intervals (1 s + 9 s); Irregular noise
consisted of 1 s pulse interspersed with 1 to 17 s silent intervals
(1 s + 1–17 s), leading to a mean silent interval of 9 s comparable
to regular 1-9. The silent intervals in subsequent exposures of the
irregular noise were determined randomly with an online random
number generator.1
Experimental set-up
The experimental trials were conducted in a single glass tank
(200 × 60 × 50 cm), which stood on four metal legs 80 cm
above the ground (Figure 2A). The experimental area was reduced
to half of the tank length (100 × 60 × 50 cm) using two
dividers made of black PVC plate frames and nylon mesh (water
level was kept constant throughout the experiments at 48 cm
from the bottom). Black background and 2 cm of black sand
on the bottom were used to increase the contrast of the fish for
the digital tracking (one frame per second) with Ethovision XT
6.1.326 (Noldus, The Netherlands) based on the continuous side-
view camera recordings (individual tracking could get mixed up
when two individuals cross each other’s 2D-pathways, but this
does not affect measurements on the target group averages). The
2D-assessment of speed and distance among individual fish is
an underestimate, not taking the space from front to back fully
into account, but this is consistent among treatments and does
not undermine the validity of our test of exposure impact or
treatment effect. The water was again connected to a recirculation
system and the temperature was kept at 25 ± 1◦C. During the
test trials, the water recirculation system was switched off in order
to reduce the potential impact of any associated sound or water
flow (the difference in ambient SPL was about 3 dB re 1 µPa
and the switch-off, more than 1 h before the on-set of the first
1http://www.random.org/
sound exposure treatment, did not lead to obvious changes in fish
behavior).
In each trial, five fish from the stock population were placed
in the tank prior to the experiments and allowed at least 16 h
of acclimatization for morning trials (overnight) and at least 3 h
of acclimatization for afternoon trials. We tested for an effect of
acclimatization difference and morning vs. afternoon trials and
found no significant impact on the results. It is good to realize
that baseline behavior as well as response patterns may be affected
by having at least 3 h of acclimatization, but also that they are
specific for tank size, temperature and light conditions as well
as for species and group size, age and composition. Even within
species, domestication effects and strain differences in behavior
may exist (e.g., Huntingford, 2004; Mahabir et al., 2013). We
therefore used a single species and animals from the same strain
and domesticated background and investigated exposure and
treatment effects by comparing repeated measures of the same
group and used a replicate set of same-sized groups in the same
conditions to reduce variation due to factors beyond the interest
of the current paper.
Each group was only exposed to one treatment in each trial
and 40 exposure trials were conducted in total (40 × 5 = 200
experimental fish). The noise treatments were played back from
two in-air speakers (CB4500, Blaupunkt, Germany) placed below
the tank with a solid state audio recorder (PMD670, Marantz,
Japan) connected to an amplifier (AX-R561, JVC, Japan). The
whole trial (45 min) was recorded with a video recorder (GZ-
MG505E, JVC, Japan) and included 15 min noise exposure and
15 min before and 15 min after exposure. The experimenter
controlled the video from behind a curtain and the early, single
video switch-on moment for the whole trial prevented any impact
on zebrafish behavior around noise on-set and off-set moments
of noise exposure. Nine to eleven replicates were used for each
treatment (one mistake in stimulus selection reduced sample
size for one treatment and increased it for another). The order
of all treatment trials was randomized to avoid the effect of
treatment being confounded with date or time in the sequence
of trials.
Sound field conditions
We assessed SPL from the recordings with a hydrophone (HTI
96 min, High Tech, US) connected to a solid state audio recorder
(PMD620, Marantz, Japan) at three different longitudinal
positions in the tank, where we took nine measurements each,
sampling variation with height and width (3 × 3 positions)
during playback of continuous noise (wav format, 44.1 kHz
sampling rate). The SPLs were calculated as root mean square
(RMS) in Matlab (7.0.1) using a script calibrated for the
recording set within the 300–2000 Hz frequency range (matching
the auditory sensitivity of zebrafish). The SPL at playback was
112 dB re 1 µPa on average (with minor spatial variation
and the lowest measurement level in the center of the tank)
which was considerably higher than the “silent” control which
ambient levels of 85 dB re 1 µPa (Figure 2A). Zebrafish
sensitivity to sound is likely dominated by the sound pressure
component, but they also are sensitive to particle motion
especially in the low frequencies (Higgs et al., 2002, 2003;
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FIGURE 2 | Schematic diagrams of the tanks for the experimental set-up
of experiment I and II with SPL measurements across several
longitudinal positions in the tanks (±SE). At each position, nine
measurements across the width and depth of the tanks were taken and
averaged. (A) In experiment I, an enclosed area of a long tank was used
together with two in-air speakers placed on the ground under the tank table
(1 m height). There was an increase in SPL of 27 dB re 1 µPa in the tank
during noise exposure. (B) In experiment II, a double-tank system was used
together with two underwater speakers. There was an increase in SPL of
about 40 dB re 1 µPa in the tank with active speaker during noise exposure.
Popper and Fay, 2011; Bretschneider et al., 2013). Using in air
speakers to ensonify the tank makes sound enter from all sides
(table and tank walls serve as secondary sound source) and
causes sound pressure to vary little throughout the fish tank,
while particle motion is much more variable in all directions
(inherent to near-field conditions and small tank size relative
to wave length) providing a highly complex sound field to
the fish and the investigator (Parvulescu, 1967). However, it is
important for the current experiments that both average sound
pressure and average particle motion are elevated significantly
to allow exploration of the nature of sound induced changes in
captive zebrafish and for testing variation of impact for different
temporal patterns of the same exposure level (c.f. Voellmy et al.,
2014).
Behavioral observations and analyses
Video recordings were analyzed with Ethovision software,
measuring group cohesion (average distance between individuals
of all possible pairs), swimming speed (averaged for all individuals
as measured on the screen in two dimensions) and the duration
of the time spent at different depths (four vertical sections).
The latter measurement was reduced to a single assessment of
time present within the upper layer closest to the surface as
this yielded a proper quantification of the observation that fish
were often seen to move upward right after noise exposure on-
set. Measurements were averaged over each one-minute period
for the whole trial (45 min). Startle responses are expected
especially at the on-set of sound exposure and are defined
as a sudden contraction of the body in a typical c-shape,
followed by a distinct swimming burst, often at a shifted angle
compared to pre-startle swimming speed and direction (Kastelein
et al., 2008; Stewart et al., 2012). In this experiment, startle
responses are reflected in elevated speed in the first minute of
exposure.
Statistics
The data were analyzed with SPSS 16.0. To find out if swimming
behavior changed across the trial periods, repeated measures
ANOVAs were performed, with “treatment” (continuous, regular
1-1, regular 1-9, irregular) as a between-subjects factor and
“period” (before, during1, during2, after) as a within-subjects
factor. In addition, repeated measures ANOVAs were also
conducted for each treatment separately to test for significant
changes in each treatment. Since most changes were seen during
the first few minutes after noise exposure, time was grouped into
four 5 min bins: the last 5 min before noise exposure (“before”),
the first 5 min during noise exposure (“during1”), the last 5 min
during noise exposure (“during2”), and the first 5 min after
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noise exposure (“after”). We used Huynh-Feldt corrections when
sphericity could not be assumed in a test. We conducted post hoc
Bonferroni tests when a factor was significant.
EXPERIMENT II (AUDITORY PREFERENCE TEST)
Treatment preparation
We used a similar approach to experiment I, using noise exposure
stimuli of filtered white noise (now band-passed between 300–
2000 Hz, still aiming for elevation of ambient levels within the
relevant hearing range of zebrafish) varying in temporal pattern.
However, due to practical constraints, we omitted the intermittent
regular 1-1 treatment in experiment II, consequently testing only
three instead of four temporal treatments.
Experimental set-up
The experimental trials were conducted in a double-tank system,
with two tanks (75 × 50 × 50 cm each) linked together with
a tube tunnel (length: 35 cm, diameter: 12.5 cm), allowing fish
to swim between the tanks freely (Figure 2B). The bottom of
each tank was insulated acoustically with a layer of Styrofoam,
a layer of glass fiber and four rubber pads before the tanks
were placed on trolleys with rubber wheels, to minimize sound
transmission through the floor. We now used two underwater
speakers (DRS-8, Oceanears, US), housed in Styrofoam and
installed at the end of both tanks opposite to the tube entrance (in
air speakers like in experiment 1 would not induce the required
sound level differences between tanks). A layer of Styrofoam was
also placed in the tanks at the tube tunnel end to cover the
protruding parts of the tube tunnel. Sand was used to fill up the
gaps between the Styrofoam and the tank floor on both sides
of each tank to prevent fish from swimming into the restricted
areas. The system was connected to a water recirculation system
with water flowing in from behind the speaker in one tank and
out from the other tank (water level was kept constant again
throughout the experiments at 48 cm from the bottom). During
the treatments, the water recirculation system was switched
off (mainly to avoid an impact of water flow through the
connecting tube on fish exchange between tanks), while the tank
sides for noise exposure were alternated to avoid an impact of
side preferences (Butman and Grassle, 1992) or other spatial
factors.
In each trial, six fish from the stock population (not used in
experiment I and naïve to experimental sound exposure) were
placed in the experimental tanks (three on each side) prior to
the experiment and allowed at least 16 h of acclimatization
(overnight). The noise treatment files were played back from the
speakers with a solid state audio recorder (PMD620, Marantz,
Japan) connected to an amplifier (AX-R562, JVC, Japan). Both
speakers were on during experiments but only one speaker was
playing a noise treatment file (active speaker vs. quiet speaker).
The noise exposure lasted for 1 h, which is much longer than in
the first experiment to allow more long-term spatial effects of
noise avoidance. A whole trial (3 h), including 1 h before, 1 h
during and 1 h after noise exposure, was recorded with a video
recorder (GZ-MG505E, JVC, Japan). Eight replicates were used
for each treatment; the treatment (active speaker) was in the left
tank of the system for four of the replicates and in the right tank
for the other four. Each group was only exposed to one of the
three treatments and consequently exposure trials on 24 groups
were conducted in total (8 groups× 3 treatments× 6 individuals
= 144 experimental fish).
Sound field conditions
SPLs (RMS) were measured at 27 locations (in 3 × 3 × 3
matrix) of the each tank. As shown in Figure 2B, the SPL of
the “silent” tank was on average 89 dB re 1 µPa and we were
able to generate a difference in SPL between the two tanks of
up to 50 dB re 1 µPa. Moreover, within the treatment tank,
there was a gradient in SPL ranging from around 120 dB re
1 µPa close to the tunnel to around 140 dB re 1 µPa close
to the speaker. Again, particle motion conditions are likely to
be highly variable in all directions and are expected to be very
complex. However, important for the set-up is that the tank
difference in average levels of particle motion represent a similar
contrast as SPLs in being much higher in the noisy tank than in
the quiet tank. Fish switching tanks during the exposure period
experience a distinct and synchronous transition from ambient
to high levels (or vice versa) of both sound pressure and particle
motion.
Behavioral observations and analyses
Video recordings were analyzed manually after the experiments,
with treatment type “blind to the observer” (i.e., without the
audio component of the recording). The focus here was not
on detailed and short-term responses at the on-set of exposure,
which are better described by the digital tracking method used
for the first experiment, but on possibly more long-term effects
of spatial avoidance after an initial exposure period that was
expected to induce more startle responses due to the considerably
higher sound levels compared to the first experiment. The first
minute of the pre-exposure period of the videos was discarded
to eliminate the influence of the experimenter leaving the room.
Fish number in each tank was recorded at the start of each minute
for the whole session (3 h) and the number of crossings between
tanks was counted within every minute. If a fish was in the tube
tunnel between the tanks during quantification, it was counted as
being in the tank in which it had been seen last. The number of
crossings is the sum of all crossings between the tanks for all six
fish in the system.
Statistics
To find out if the number of crossings and the number of
fish varied before and during treatments, the data before noise
exposure from all treatments were grouped into a “control”.
Subsequently, we conducted one-way ANOVAs with the number
of crossings/the number of fish as dependent variable and
“treatment” (pre-exposure control, continuous, regular 1-9,
irregular) as independent variables. A general repeated measures
ANOVA was used first (and reported), but we added the
unconventional test with pre-exposure period grouped as control
because in one of the treatments the number of fish in the
treatment tank before noise exposure deviated from the expected
value “3” by chance (inducing an obvious and unwanted type I
error).
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FIGURE 3 | Behavioral response measures on groups of five zebrafish
in the acoustic exposure test of experiment I: average distance
between individuals, swimming speed and time spent in upper
quarter of the tank (±SE) across time in (A) continuous,
(B) intermittent regular 1-1, (C) intermittent regular 1-9 and
(D) intermittent irregular noise treatment. The time was divided into
four period bins for formal statistical analyses: the last 5 min before noise
exposure (“before”), the first 5 min during noise exposure (“during1”), the
last 5 min during noise exposure (“during2”), and the first 5 min after
noise exposure (“after”). Horizontal bars at the significance indicators
reflect the range of five one-minute samples in a five-minute bin as used
for testing. P < 0.05*, P < 0.1+.
RESULTS
EXPERIMENT I (ACOUSTIC EXPOSURE TEST)
The groups of five zebrafish typically swam in loose shoals
through the fish tank, often on their own and often together
with one or two others within a distance of one or two body
lengths. When exposed to moderate sound levels of 112 dB re
1 µPa, their behavior clearly altered, with startle responses at the
on-set, decreased inter-individual distances and brief increases in
swimming speed (we often saw one individual speeding towards
another to slow down an split up again afterwards), while they
swam more often in the highest water layer close to the surface
(speeding and approaching often concerned upward moves to
individuals that were relatively high in the water column). We
never saw fish diving down the water column, staying close to
the bottom or freezing. We found significant noise-dependent
variation in all three behaviors across the experimental periods
(Figure 3).
Firstly, when all treatments were analyzed together to
characterize and test the overall impact of noise, group cohesion
had a significant effect across periods (repeated measures
ANOVA: F(2.3,79.9) = 23.564, P < 0.001). Bonferroni-corrected
post hoc tests revealed a significant decrease in the average distance
at the onset of noise exposure (“during1” compared to the other
three periods, all Ps < 0.001) and a significant increase right after
the noise exposure (“after” compared to the other three periods,
all Ps < 0.001). The decrease in the average distance between
individuals at the start indicated an increase in group cohesion,
while the contrary was true for after the noise exposure. However,
no significant differences were detected between treatments and
there was also no treatment × period interaction. When each
treatment was analyzed separately, all treatments had a significant
effect on the group cohesion of the fish (repeated measures
ANOVAs: F(3,24) = 5.483, P = 0.005; F(3,24) = 12.314, P < 0.001;
F(1.9,19.4) = 6.045, P = 0.010; F(3,27) = 6.291, P = 0.002 for
the continuous, regular 1-1, regular 1-9 and irregular treatment
respectively). However, Bonferroni-corrected post hoc tests only
showed a significant effect in the regular 1-1 treatment, where
the distance between individuals in the first five-minute period
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of exposure was significantly lower than in the other periods (all
Ps < 0.05; Figure 3B). The effect only lasted for 4–5 min before
the fish habituated to the noise and group cohesion resumed to
the original level again.
Secondly, we also observed a significant increase in swimming
speed at the start of the noise exposure, when all treatments were
analyzed together (repeated measures ANOVA: F(2.6,92.2) = 13.123,
P < 0.001; Bonferroni-corrected post hoc: “during1” compared
to other three periods, all Ps < 0.001). Again, the effects of
treatment and treatment × period were not significant. When
each treatment was analyzed separately, the continuous and
regular 1-1 treatment showed a significant increase in swimming
speed of 4–5 cms−1 at the start of noise exposure (repeated
measures ANOVAs: F(3,24) = 5.491, P = 0.005; F(2.1,16.5) = 7.413,
P = 0.005 respectively). In addition, the irregular treatment
showed a non-significant trend of an increase of 2–3 cms−1
(repeated measures ANOVAs: F(2.0,18.2) = 2.697, P = 0.094).
However, Bonferroni-corrected post hoc tests only revealed a
significant effect in the continuous treatment (“before” compared
to “during1”, P = 0.022). Figure 3A shows that the effect only
lasted for 1 min.
Thirdly, when the treatments were analyzed together, we also
observed a significant effect in the time that the fish spent in
the top layer of the fish tank across periods (repeated measures
ANOVA: F(2.7,93.1) = 5.604, P = 0.002). Bonferroni-corrected
post hoc tests showed that the fish spent significantly more time
close to the surface at the start and right after the noise exposure
compared to the last 5 min of the exposure (“during1” compared
to “during2”, P = 0.017; “after” compared to “during2”, P = 0.006).
There were no significant differences between treatments or
a treatment × period interaction. When each treatment was
analyzed separately, the regular 1-1 and irregular treatments
both showed a significant effect (repeated measures ANOVAs:
F(3,24) = 3.800, P = 0.042; F(3,27) = 4.183, P = 0.015 respectively),
but Bonferroni-corrected post hoc tests only revealed a significant
effect in the regular 1-1 treatment (“during1” compared to
“during2”, P = 0.024).
EXPERIMENT II (AUDITORY PREFERENCE TEST)
The six zebrafish individuals typically swam alone, in pairs or
triplets, like in the first experiment, and also switched regularly
between tanks. They swam readily across the tube tunnel between
the two tanks, with an average of 62.56 ± 36.94 (S.D.) crossings
per hour for a group of six fish before the treatments (Figure 4A).
At the on-set of each noise exposure (sudden transition from 89
to 120–140 dB re 1 µPa), zebrafish in the noisy tank often showed
distinct startle responses and often dived down to the bottom with
fast and erratic swimming movements. Zebrafish that were in the
quiet tank during the on-set did not show any startle response
and were never observed diving down. All fish returned to regular
swimming patterns within a few minutes while still exposed to
noise.
The frequency of crossings between the quiet and noisy
tank remained at levels that were similar to the pre-exposure
exchange rate and did not change significantly in any of the
treatments (ANOVA: F(2,14) = 2.538, P = 0.115). Using also the
repeated measures test, we found again no effect of period or
FIGURE 4 | Spatial response measures on groups of six zebrafish in the
acoustic preference test of experiment II: (A) Number of crossings and
(B) fish number in treatment tank (±SE) before treatments and during
different treatments. There were no significant differences before and
during noise exposure. There were also no significant differences between
treatments.
treatment for the presence of fish in the noisy tank (ANOVA:
F(2,14) = 0.604, P = 0.560 and F(2,14) = 0.342, P = 0.716
respectively), but we did find a period × treatment interaction
(ANOVA: F(4,28) = 2.846, P = 0.043), which can be attributed to a
deviation from 3 fish present on each side before exposure for just
the intermittent regular treatment. Taking all trials together, there
were three fish in both tanks on average before noise exposure,
as expected based on random distribution (Figure 4B). If we
use the grouped value for the pre-exposure period (to avoid
the effect of a Type I error), the number of fish in each tank
remained the same and did not change significantly during noise
exposure in any of the treatments (ANOVA: F(3,47) = 0.143,
P = 0.934).
DISCUSSION
Our study concerns the exploration of sound exposure effects on
the behavior of captive zebrafish in two different experiments
yielding two main results. The first experiment confirmed
that sound can alter basic patterns of swimming behavior
by changing group cohesion, swimming speed and swimming
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height. This effect occurred already at relatively low exposure
levels and for all noise treatments. Intermittent stimuli some
times appeared to induce stronger effects compared to continuous
stimuli (differences in behavioral measures extending to more
one-minute samples after exposure on-set), but responses were
brief and variable and we did not find significant treatment
effects. The second experiment revealed an unexpected lack of
impact on spatial behavior despite relatively large differences in
sound levels. Fish continued crossing between the two tanks at
the same rate before and during the exposure, independent of
the treatment. Despite an initially strong response to the sound
exposure on-set, there was no evidence for a preference to be in
the quiet fish tank over the noisy fish tank.
INTERPRETATION OF SOUND-INDUCED BEHAVIORAL CHANGES
In the first experiment, we conducted an acoustic exposure test
without escape possibility, using a replicate series of forty groups
of five zebrafish. We found several behavioral changes that can
be compared to response patterns reported in other studies.
The increase in group cohesion as observed at the onset of
sound playback seems for example to match with an anxiety-
indicating response to potential danger (Pitcher and Parrish,
1992; Speedie and Gerlai, 2008; Gerlai, 2010). This interpretation
is in line with the observed increase in swimming speed, as
hyperactivity has also been associated with perceived predation
risk (Eaton et al., 1977; Rehnberg and Smith, 1988) and general
anxiety (Cachat et al., 2010; Maximino et al., 2010; Stewart
et al., 2012). In a study that also used groups of five zebrafish,
test animals clearly formed tighter schools in response to alarm
substance administered to the water (Speedie and Gerlai, 2008).
In another study, groups of 16 zebrafish responded to a simulated
predator flying overhead, first by a rapid decrease in group
cohesion (swimming away from each other), followed secondarily
by a steady increase in group cohesion (ending up closer to
each other than in baseline conditions) (Miller and Gerlai,
2007).
However, an alternative explanation may even match better
with the overall pattern of behavioral changes to the noise
exposure in our first experiment. Shoaling intensity is typically
not only determined by perceived danger of predator risk but
can also be driven by foraging strategies and group-size related
feeding opportunities (Ranta and Kaitala, 1991; Hoare et al.,
2004). The increase in group cohesion as observed in our groups
of five captive zebrafish was associated with increased swimming
speed, but not with diving to the bottom, as would be expected
from an anxiety-driven response (c.f. Sarà et al., 2007; Cachat
et al., 2010). We even observed an increased tendency to approach
the surface layer instead and individual fish often approached one
another without staying in close proximity for long. Luca and
Gerlai (2012) exposed individual zebrafish to a series of stimuli on
a computer screen: three of these, a moving bird or an expanding
dot from above and a sympatric predator fish on the side, clearly
induced anxiety as reflected in erratic swimming, but also in a
consistent downward shift to the bottom. We therefore speculate
that the response behavior in our test may not reflect anxiety, but
may be better explained by exploration for the potential presence
of food. Our captive fish are used to get food at the surface,
typically a little while after the animal care-taker would have
entered the room, which may be associated with specific sounds
that enter the fish tanks. Miller and Gerlai (2007) tested the
impact of food on groups of 16 zebrafish and found a decreasing
impact on group cohesion, although in that test food was actually
available and visibly floating, spread-out, at the surface.
The exploration-for-food interpretation for the first
experiment requires further investigation, but social influences
on decision-making and foraging strategies are well-known and
taxonomically widespread (van den Bos et al., 2013). Speeding
towards other conspecifics in the upper layer of the fish tank could
therefore well reflect social behavior that would improve chances
of finding food, also referred to as “local enhancement”. It is also
relevant to note in this context that sound is also known to play a
role in food-finding under natural conditions. Historical studies
on sharks (Family Carcharhinidae) reported that intermittent
sounds are more of an attractant than continuous sounds because
they resemble natural hydrodynamic sound patterns generated by
potential prey items (Myrberg et al., 1969; Nelson and Johnson,
1972). In a more recent study, Holt and Johnston (2011) showed
that cyprinid fish were attracted to the sound of rock shuffling,
which may also concern a learned association with the potential
for food items becoming available from under the rock. We
believe that sound-induced aggregation as a potential foraging
strategy deserves further study as it may benefit individual food
intake and maybe even improve detection and localization of
foraging opportunities through collective auditory sensitivity (c.f.
Couzin, 2009; Webster and Laland, 2012).
LACK OF NOISE IMPACT ON SPATIAL PREFERENCE
In the second experiment, we conducted an acoustic preference
test using twenty-four new groups of six zebrafish. We did not
reveal a noise impact on the spatial distribution of zebrafish
between the two tanks. The results showed that, when given an
escape possibility, the zebrafish did not prefer the quiet tank over
the noisy one. This finding was unexpected, especially considering
the large SPL difference between the two tanks (>30 dB re
1 µPa) and the strong startle responses in the noisy tank at
sound on-set, after which the fish often dived to the bottom with
erratic swimming movements. This behavior indicates that the
exposure condition of this second test at least initially led to some
anxiety (c.f. Sarà et al., 2007; Cachat et al., 2010). However, the
rapid return to regular swimming patterns and the absence of a
tank preference suggests that the fish habituated quickly to the
noise.
Although our results do not indicate a negative impact of
noise exposure on captive zebrafish that extends beyond a few
minutes, we are aware that we can not fully exclude an inability
to respond spatially to the variation in acoustic conditions in
our set-up. We can also not exclude yet physiological or more
long-term consequences of the noisy test conditions (c.f. Wysocki
et al., 2006; Purser and Radford, 2011). Furthermore, the specific
social conditions of the loosely shoaling individual fish may have
had an effect on the results of both experiments that may be
worthwhile to investigate more (van den Bos et al., 2013). Guppies
(Poecilia reticulata) were for example shown to be more likely
to swim through a hole if that was observed before to be used
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by conspecifics (Laland and Williams, 1997). However, although
social following tendencies, as well as socially modulated anxiety,
may have played a role in decision-making and therefore in the
absolute exchange rates of the acoustic preference test, they do
not undermine the validity of our test and they do not explain a
lack of noise-dependent spatial avoidance.
CONCLUSIONS
The current findings reveal a clear impact of sound on the
behavior of captive zebrafish, although there is no indication of
potentially detrimental effects. Behavioral changes in the acoustic
exposure test were brief and not straightforward indicators of
anxiety. Nevertheless, the results do confirm that sound can be
an important factor in captive fish studies that use behavioral
read-outs, for example in pharmacological screening, especially if
tests are brief and if laboratory tank systems are not well insulated
acoustically. The lack of a spatial impact in the acoustic preference
test, despite clear anxiety-related response patterns at the on-set,
may indicate a lack of ability to avoid sound or a rapid habituation
to the novel acoustic conditions. Also this result may suggest that
sound does not form an immediate threat to fish in aquaculture
or hobby or public aquaria, although we believe more studies
are needed with different species, sound levels, and temporal
patterns. Data are required especially for effects of repeated but
unpredictable and uncontrollable sounds on behavioral changes,
but also on the potentially underlying physiological changes (see
e.g., Joëls and Baram, 2009; Lyons et al., 2009; Koolhaas et al.,
2011; Steenbergen et al., 2011).
ACKNOWLEDGMENTS
We like to thank Ron Kastelein from SEAMARCO for the use
of his underwater speakers. We are also grateful to Carel ten
Cate and Katharina Riebel from the Behavioral Biology group at
Leiden University for constructive discussions during the various
student projects that preceded and involved the work reported
in this paper. We also like to thank an anonymous reviewer for
his/her constructive comments on the Ms. YN was supported by
a ZKO grant (839.10.522) from the Netherlands Organization of
Scientific Research (NWO) during the writing and publication
phase of this paper.
REFERENCES
Akamatsu, T., Okumura, T., Novarini, N., and Yan, H. Y. (2002). Empirical
refinements applicable to the recording of fish sounds in small tanks. J. Acoust.
Soc. Am. 112, 3073–3082. doi: 10.1121/1.1515799
Banbury, S. P., Macken, W. J., Tremblay, S., and Jones, D. M. (2001). Auditory
distraction and short-term memory: phenomena and practical implications.
Hum. Factors 43, 12–29. doi: 10.1518/001872001775992462
Bart, A. N., Clark, J., Young, J., and Zohar, Y. (2001). Underwater ambient noise
measurements in aquaculture systems: a survey. Aquacultural Eng. 25, 99–110.
doi: 10.1016/s0144-8609(01)00074-7
Basner, M., Babisch, W., Davis, A., Brink, M., Clark, C., Janssen, S., et al. (2014).
Auditory and non-auditory eff ects of noise on health. Lancet 383, 1325–1332.
doi: 10.1016/S0140-6736(13)61613-X
Benhaim, D., Guyomard, R., Chatain, B., Quillet, E., and Begout, M.-L. (2013).
Genetic differences for behaviour in juveniles from two strains of brown trout
suggest an effect of domestication history. Appl. Anim. Behav. Sci. 147, 235–242.
doi: 10.1016/j.applanim.2013.04.022
Boussard, A. (1981). “The reactions of roach (Rutilus rutilus) and rudd (Scardinius
erythrophthalmus) to noises produced by high speed boating,” in Proceedings
of 2nd British Freshwater Fisheries Conference, eds K. O’Hara and C. D. Barr
(Liverpool: University of Liverpool), 188–388.
Bretschneider, F., van Veen, H., Teunis, P. F. M., Peters, R. C., and van den Berg,
A. V. (2013). Zebrafish can hear sound pressure and particle motion in a
synthesized sound field. Anim. Biol. 63, 199–215. doi: 10.1163/15707563-0000
2406
Butman, C. A., and Grassle, J. P. (1992). Active habitat selection by Capitella sp. I
larvae. I. Two-choice experiments in still water and flume flows. J. Mar. Res. 50,
669–715. doi: 10.1357/002224092784797520
Cachat, J., Stewart, A., Grossman, L., Gaikwad, S., Kadri, F., Chung, K. M., et al.
(2010). Measuring behavioral and endocrine responses to novelty stress in adult
zebrafish. Nat. Protoc. 5, 1786–1799. doi: 10.1038/nprot.2010.140
Calisi, R. M., and Bentley, G. E. (2009). Lab and field experiments: are
they the same animal? Horm. Behav. 56, 1–10. doi: 10.1016/j.yhbeh.2009.
02.010
Champagne, D. L., Hoefnagels, C. C. M., de Kloet, R. E., and Richardson, M. K.
(2010). Translating rodent behavioral repertoire to zebrafish (Danio rerio):
relevance for stress research. Behav. Brain Res. 214, 332–342. doi: 10.1016/j.bbr.
2010.06.001
Codarin, A., Wysocki, L. E., Ladich, F., and Picciulin, M. (2009). Effects of ambient
and boat noise on hearing and communication in three fish species living in
a marine protected area (Miramare, Italy). Mar. Pollut. Bull. 58, 1880–1887.
doi: 10.1016/j.marpolbul.2009.07.011
Couzin, I. D. (2009). Collective cognition in animal groups. Trends Cogn. Sci. 13,
36–43. doi: 10.1016/j.tics.2008.10.002
Craven, A., Carton, A. G., McPherson, C. R., and McPherson, G. (2009).
Determining and quantifying components of an aquaculture soundscape.
Aquacultural Eng. 41, 158–165. doi: 10.1016/j.aquaeng.2009.07.003
Davidson, J., Frankel, A. S., Ellison, W. T., Summerfelt, S. T., Popper, A. N.,
Mazik, P., et al. (2007). Minimizing noise in fiberglass aquaculture tanks: noise
reduction potential of various retrofits. Aquacultural Eng. 37, 125–131. doi: 10.
1016/j.aquaeng.2007.03.003
Draštík, V., and Kubecˇka, J. (2005). Fish avoidance of acoustic survey boat in
shallow waters. Fish. Res. 72, 219–228. doi: 10.1016/j.fishres.2004.10.017
Eaton, R. C., Bombardieri, R. A., and Meyer, D. L. (1977). The Mauthner-initiated
startle response in teleost fish. J. Exp. Biol. 66, 65–81.
Egan, R. J., Bergner, C. L., Hart, P. C., Cachat, J. M., Canavello, P. R., Elegante, M. F.,
et al. (2009). Understanding behavioral and physiological phenotypes of stress
and anxiety in zebrafish. Behav. Brain Res. 205, 38–44. doi: 10.1016/j.bbr.2009.
06.022
Engås, A., Løkkeborg, S., Ona, E., and Soldal, A. V. (1996). Effects of seismic
shooting on local abundance and catch rates of cod ( Gadus morhua) and
haddock (Melanogrammus aeglefinus). Can. J. Fish. Aquat. Sci. 53, 2238–2249.
doi: 10.1139/cjfas-53-10-2238
Fay, R. R. (2009). Soundscapes and the sense of hearing of fishes. Integr. Zool. 4,
26–32. doi: 10.1111/j.1749-4877.2008.00132.x
Fay, R. R., and Popper, A. N. (2000). Evolution of hearing in vertebrates: the inner
ears and processing. Hear. Res. 149, 1–10. doi: 10.1016/s0378-5955(00)00168-4
Francis, C. D., and Barber, J. R. (2013). A framework for understanding noise
impacts on wildlife: an urgent conservation priority. Front. Ecol. Environ. 11,
305–313, doi: 10.1890/120183
Gaikwad, S., Stewart, A., Hart, P., Wong, K., Piet, V., Cachat, J., et al. (2011). Acute
stress disrupts performance of zebrafish in the cued and spatial memory tests:
the utility of fish models to study stress-memory interplay. Behav. Processes 87,
224–230. doi: 10.1016/j.beproc.2011.04.004
Gerlai, R. (2010). Zebrafish antipredatory responses: a future for translational
research? Behav. Brain Res. 207, 223–231. doi: 10.1016/j.bbr.2009.10.008
Gerlotto, F., and Fréon, P. (1992). Some elements on vertical avoidance of fish
schools to a vessel during acoustic surveys. Fish. Res. 14, 251–259. doi: 10.
1016/0165-7836(92)90035-r
Graham, A. L., and Cooke, S. J. (2008). The effects of noise disturbance from
various recreational boating activities common to inland waters on the cardiac
physiology of a freshwater fish, the largemouth bass (Micropterus salmoides).
Aquat. Conserv. 18, 1315–1324. doi: 10.1002/aqc.941
Hawkins, A. D., and Popper, A. N. (2012). (Normandeau Associates, Inc.). Effects
of noise on fish, fisheries and invertebrates in the U.S. Atlantic and Arctic
from energy industry sound-generating activities. A literature synthesis for the
U.S. Dept. of the Interior, Bureau of Ocean Energy Management. Contract #
M11PC00031. 153.
Frontiers in Behavioral Neuroscience www.frontiersin.org February 2015 | Volume 9 | Article 28 | 9
Neo et al. Sound impact on captive zebrafish behavior
Higgs, D. M., Rollo, A. K., Souza, M. J., and Popper, A. N. (2003). Development
of form and function in peripheral auditory structures of the zebrafish (Danio
rerio). J. Acoust. Soc. Am. 113, 1145–1154. doi: 10.1121/1.1536185
Higgs, D. M., Souza, M. J., Wilkins, H. R., Presson, J. C., and Popper, A. N.
(2002). Age- and size-related changes in the inner ear and hearing ability of
the adult zebrafish (Danio rerio). J. Assoc. Res. Otolaryngol. 3, 174–184. doi: 10.
1007/s101620020035
Hirst, A., and Rodhouse, P. (2000). Impacts of geophysical seismic surveying
on fishing success. Rev. Fish Biol. Fish. 10, 113–118. doi: 10.1023/A:1008987
014736
Hoare, D. J., Couzin, I. D., Godin, J.-G. J., and Krause, J. (2004). Context-dependent
group size choice in fish. Anim. Behav. 67, 155–164. doi: 10.1016/j.anbehav.2003.
04.004
Holt, D. E., and Johnston, C. E. (2011). Can you hear the dinner bell? Response
of cyprinid fishes to environmental acoustic cues. Anim. Behav. 82, 529–534.
doi: 10.1016/j.anbehav.2011.06.004
Huntingford, F. A. (2004). Implications of domestication and rearing conditions
for the behaviour of cultivated fishes. J. Fish Biol. 65, 122–142. doi: 10.1111/j.
0022-1112.2004.00562.x
Joëls, M., and Baram, T. Z. (2009). The neuro-symphony of stress. Nat. Rev.
Neurosci. 10, 459–466. doi: 10.1038/nrn2632
Kastelein, R. A., van der Heul, S., Verboom, W. C., Jennings, N., van der Veen,
J., and de Haan, D. (2008). Startle response of captive North Sea fish species
to underwater tones between 0.1 and 64 kHz. Mar. Environ. Res. 65, 369–377.
doi: 10.1016/j.marenvres.2008.01.001
Kight, C. R., and Swaddle, J. P. (2011). How and why environmental noise impacts
animals: an integrative, mechanistic review. Ecol. Lett. 14, 1052–1061. doi: 10.
1111/j.1461-0248.2011.01664.x
Koolhaas, J. M., Bartolomucci, A., Buwalda, B., de Boer, S. F., Flügge, G.,
Korte, S. M., et al. (2011). Stress revisited: a critical evaluation of the stress
concept. Neurosci. Biobehav. Rev. 35, 1291–1301. doi: 10.1016/j.neubiorev.2011.
02.003
Ladich, F. (2008). Sound communication in fishes and the influence of ambient
and anthropogenic noise. Bioacoustics 17, 34–48. doi: 10.1080/09524622.2008.
9753755
Laland, K. N., and Williams, K. (1997). Shoaling generates social learning
of foraging information in guppies. Anim. Behav. 53, 1161–1169. doi: 10.
1006/anbe.1996.0318
Løkkeborg, S., Ona, E., Vold, A., Salthaug, A., and Jech, J. M. (2012). Sounds
from seismic air guns: gear- and species-specific effects on catch rates and fish
distribution. Can. J. Fish. Aquat. Sci. 69, 1278–1291. doi: 10.1139/f2012-059
Luca, R. M., and Gerlai, R. (2012). In search of optimal fear inducing stimuli:
differential behavioral responses to computer animated images in zebrafish.
Behav. Brain Res. 226, 66–76. doi: 10.1016/j.bbr.2011.09.001
Lyons, D. M., Parker, K. J., Katz, M., and Schatzberg, A. F. (2009). Developmental
cascades linking stress inoculation, arousal regulation and resilience. Front.
Behav. Neurosci. 3:32. doi: 10.3389/neuro.08.032.2009
Mahabir, S., Chatterjee, D., Buske, C., and Gerlai, R. (2013). Maturation of shoaling
in two zebrafish strains: a behavioral and neurochemical analysis. Behav. Brain
Res. 247, 1–8. doi: 10.1016/j.bbr.2013.03.013
Maximino, C., de Brito, T. M., da Silva Batista, A. W., Herculano, A. M., Morato,
S., and Gouveia, A. Jr. (2010). Measuring anxiety in zebrafish: a critical review.
Behav. Brain Res. 214, 157–171. doi: 10.1016/j.bbr.2010.05.031
Miedema, H. M. E. (2007). Annoyance caused by environmental noise: elements for
evidence-based noise policies. J. Soc. Issues 63, 41–57. doi: 10.1111/j.1540-4560.
2007.00495.x
Miller, N., and Gerlai, R. (2007). Quantification of shoaling behaviour in
zebrafish (Danio rerio). Behav. Brain Res. 184, 157–166. doi: 10.1016/j.bbr.2007.
07.007
Myrberg, A., Banner, A., and Richard, J. (1969). Shark attraction using a video-
acoustic system. Marine Biol. 2, 264–276. doi: 10.1007/bf00351149
Nelson, D., and Johnson, R. (1972). Acoustic attraction of Pacific reef sharks: effect
of pulse intermittency and variability. Comp. Biochem. Physiol. A Comp. Physiol.
42, 85–95. doi: 10.1016/0300-9629(72)90370-2
Neo, Y. Y., Seitz, J., Kastelein, R. A., Winter, H. V., and Ten Cate, C. (2014). Temporal
structure of sound affects behavioural recovery from noise impact in European
seabass. Biol. Conserv. 178, 65–73. doi: 10.1016/j.biocon.2014.07.012
Parvulescu, A. (1967). “The acoustics of small tanks,” in Marine Bio-Acoustics (Vol.
2), ed W. N. Tavolga (Pergamon, Oxford: Marine Bio-Acoustics), 7–13.
Peña, H., Handegard, N. O., and Ona, E. (2013). Feeding herring schools do not
react to seismic air gun surveys. ICES J. Mar. Sci. 70, 1174–1180. doi: 10.1093/
icesjms/fst079
Pitcher, T. J., and Parrish, J. K. (1992). “Functions of shoaling behaviour in teleosts,”
in Behaviour of Teleost Fishes, 2nd Edn. ed T. J. Pitcher (London/New York:
Chapman and Hall), 363–439.
Popper, A. N., and Fay, R. R. (2011). Rethinking sound detection by fishes. Hear.
Res. 273, 25–36. doi: 10.1016/j.heares.2009.12.023
Popper, A. N., Fewtrell, J., Smith, M. E., and McCauley, R. D. (2003).
Anthroplogenic sound: effects on the behavior and physiology of fishes. Mar.
Technol. Soc. J. 37, 35–40. doi: 10.4031/002533203787537050
Popper, A. N., and Hastings, M. C. (2009). The effects of anthropogenic sources
of sound on fishes. J. Fish Biol. 75, 455–489. doi: 10.1111/j.1095-8649.2009.
02319.x
Purser, J., and Radford, A. N. (2011). Acoustic noise induces attention shifts
and reduces foraging performance in three-spined sticklebacks (Gasterosteus
aculeatus). PLoS One 6:e17478. doi: 10.1371/journal.pone.0017478
Radford, A. N., Kerridge, A., and Simpson, S. D. (2014). Acoustic communication
in a noisy world: can fish compete with anthropogenic noise? Behav. Ecol. 25,
1022–1030. doi: 10.1093/beheco/aru029
Ranta, E., and Kaitala, V. (1991). School size affects individual feeding success in
three-spined sticklebacks (Gasterosteus aculeatus L.). J. Fish Biol. 39, 733–737.
doi: 10.1111/j.1095-8649.1991.tb04402.x
Rehnberg, B. G., and Smith, R. J. F. (1988). The influence of alarm substance and
shoal size on the behaviour of zebra danios, Brachydanio rerio (Cyprinidae). J.
Fish Biol. 33, 155–163. doi: 10.1111/j.1095-8649.1988.tb05457.x
Richardson, W. J., Greene, C. R. Jr., Malme, C. I., and Thomson, D. H. (1998).
Marine Mammals and Noise. New York: Academic Press.
Santulli, A., Modica, A., Messina, C., Ceffa, L., Curatolo, A., Rivas, G., et al. (1999).
Biochemical responses of European seabass (Dicentrarchus labrax L.) to the
stress induced by off shore experimental seismic prospecting. Mar. Pollut. Bull.
38, 1105–1114. doi: 10.1016/s0025-326x(99)00136-8
Sarà, G., Dean, J., D’Amato, D., Buscaino, G., Oliveri, A., Genovese, S., et al.
(2007). Effect of boat noise on the behaviour of bluefin tuna Thunnus thynnus
in the Mediterranean Sea. Mar. Ecol. Prog. Ser. 331, 243–253. doi: 10.3354/meps
331243
Sebastianutto, L., Picciulin, M., Costantini, M., and Ferrero, E. A. (2011). How boat
noise affects an ecologically crucial behaviour: the case of territoriality in Gobius
cruentatus (Gobiidae). Environ. Biol. Fish. 92, 207–215. doi: 10.1007/s10641-
011-9834-y
Slabbekoorn, H. (2012). “The complexity of noise impact assessments: from
birdsong to fish behavior,” in The effects of noise on aquatic life, Advances
in experimental medicine and biology (Vol. 730), eds A. N. Popper and
A. D. Hawkins (Springer New York: Springer Science+Business Media, LLC),
497–500.
Slabbekoorn, H. (in press). “Aiming for progress in understanding underwater
noise impact on fish: complementary need for indoor and outdoor studies,” in
The Effects of Noise on Aquatic Life II, eds A. N. Popper and A. D. Hawkins (New
York: Springer).
Slabbekoorn, H., Bouton, N., van Opzeeland, I., Coers, A., ten Cate, C., and Popper,
A. N. (2010). A noisy spring: the impact of globally rising underwater sound
levels on fish. Trends Ecol. Evol. 25, 419–427. doi: 10.1016/j.tree.2010.04.005
Slabbekoorn, H., and Ripmeester, E. A. P. (2008). Birdsong and anthropogenic
noise: implications and applications for conservation. Mol. Ecol. 17, 72–83.
doi: 10.1111/j.1365-294x.2007.03487.x
Slabbekoorn, H., Verzijden, M., and May, C. (2012). “Cichlid courtship acoustics:
signals and noise influence reproductive behavior,” in The effects of noise on
aquatic life, Advances in experimental medicine and biology (Vol. 730), eds A. N.
Popper and A. D. Hawkins (Springer New York: Springer Science+Business
Media, LLC), 407–409.
Southall, B., Bowles, A., Ellison, W., Finneran, J., Gentry, R. L., Greene,
J. C. R., et al. (2007). Marine mammal noise exposure criteria: initial scientific
recommendations. Aquat. Mammals 33, 1–121. doi: 10.1578/AM.33.4.2007.411
Speedie, N., and Gerlai, R. (2008). Alarm substance induced behavioral responses
in zebrafish (Danio rerio). Behav. Brain Res. 188, 168–177. doi: 10.1016/j.bbr.
2007.10.031
Starcke, K., and Brand, M. (2012). Decision making under stress: a selective
review. Neurosci. Biobehav. Rev. 36, 1228–1248. doi: 10.1016/j.neubiorev.2012.
02.003
Frontiers in Behavioral Neuroscience www.frontiersin.org February 2015 | Volume 9 | Article 28 | 10
Neo et al. Sound impact on captive zebrafish behavior
Steenbergen, P. J., Richardson, M. K., and Champagne, D. L. (2011). The use of the
zebrafish model in stress research. Prog. Neuropsychopharmacol. Biol. Psychiatry
35, 1432–1451. doi: 10.1016/j.pnpbp.2010.10.010
Stewart, A., Gaikwad, S., Kyzar, E., Green, J., Roth, A., and Kalueff, A. V.
(2012). Modeling anxiety using adult zebrafish: a conceptual review.
Neuropharmacology 62, 135–143. doi: 10.1016/j.neuropharm.2011.07.037
Szalma, J. L., and Hancock, P. A. (2011). Noise effects on human performance:
a meta-analytic synthesis. Psychol. Bull. 137, 682–707. doi: 10.1037/a00
23987
Tudorache, C., Schaaf, M. J. M., and Slabbekoorn, H. (2013). Covariation between
behaviour and physiology indicators of coping style in zebrafish (Danio rerio).
J. Endocrinol. 219, 251–258. doi: 10.1530/JOE-13-0225
Tudorache, C., Ter Braake, A., Tromp, M., Slabbekoorn, H., and Schaaf, M. J. M.
(2015). Behavioural and physiological indicators of stress coping styles in larval
zebrafish. Stress doi: 10.3109/10253890.2014.989205. [Epub ahead of print].
van den Bos, R., Jolles, J. W., and Homberg, J. R. (2013). Social modulation of
decision-making: a cross-species review. Front. Hum. Neurosci. 7:301. doi: 10.
3389/fnhum.2013.00301
van Gaal, S., de Lange, F. P., and Cohen, M. I. X. (2012). The role of consciousness
in cognitive control and decision making. Front. Hum. Neurosci. 6:121. doi: 10.
3389/fnhum.2012.00121
Vasconcelos, R. O., Amorim, M. C. P., and Ladich, F. (2007). Effects of ship noise
on the detectability of communication signals in the Lusitanian toadfish. J. Exp.
Biol. 210, 2104–2112. doi: 10.1242/jeb.004317
Voellmy, I. K., Purser, J., Simpson, S. D., and Radford, A. N. (2014). Increased noise
levels have different impacts on the anti-predator behaviour of two sympatric
fish species. PLoS One 9:e102946. doi: 10.1371/journal.pone.0102946
Wardle, C. S., Carter, T. J., Urquhart, G. G., Johnstone, A. D. F., Ziolkowski,
A. M., Hampson, G., et al. (2001). Effects of seismic air guns on
marine fish. Cont. Shelf Res. 21, 1005–1027. doi: 10.1016/s0278-4343(00)00
122-9
Webster, M. M., and Laland, K. N. (2012). Social information, conformity and
the opportunity costs paid by foraging fish. Behav. Ecol. Sociobiol. 66, 797–809.
doi: 10.1007/s00265-012-1328-1
Whitfield, T. T. (2002). Zebrafish as a model for hearing and deafness. J. Neurobiol.
53, 157–171. doi: 10.1002/neu.10123
World Health Organization. (2011). Burden of Disease from Environmental noise.
Quantification of Healthy Life Years Lost in Europe. Copenhagen, Denmark:
WHO Regional Office for Europe.
Wysocki, L. E., Davidson, J., Smith, M. E., Frankel, A. S., Ellison, W. T., Mazik,
P. M., et al. (2007). Effects of aquaculture production noise on hearing, growth
and disease resistance of rainbow trout Oncorhynchus mykiss. Aquaculture 272,
687–697. doi: 10.1016/j.aquaculture.2007.07.225
Wysocki, L. E., Dittami, J. P., and Ladich, F. (2006). Ship noise and cortisol
secretion in European freshwater fishes. Biol. Conserv. 128, 501–508. doi: 10.
1016/j.biocon.2005.10.020
Zeddies, D. G., and Fay, R. R. (2005). Development of the acoustically evoked
behavioral response in zebrafish to pure tones. J. Exp. Biol. 208, 1363–1372.
doi: 10.1242/jeb.01534
Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.
Received: 28 September 2014; accepted: 28 January 2015; published online: 17
February 2015.
Citation: Neo YY, Parie L, Bakker F, Snelderwaard P, Tudorache C, Schaaf M and
Slabbekoorn H (2015) Behavioral changes in response to sound exposure and no
spatial avoidance of noisy conditions in captive zebrafish. Front. Behav. Neurosci. 9:28.
doi: 10.3389/fnbeh.2015.00028
This article was submitted to the journal Frontiers in Behavioral Neuroscience.
Copyright © 2015 Neo, Parie, Bakker, Snelderwaard, Tudorache, Schaaf and
Slabbekoorn. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution and reproduction in
other forums is permitted, provided the original author(s) or licensor are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
Frontiers in Behavioral Neuroscience www.frontiersin.org February 2015 | Volume 9 | Article 28 | 11
